. The thin films were characterised by grazing incidence and in-plane XRD, pole figure analysis, scanning electron microscopy and energy dispersive X-ray analysis.
Introduction
Layered early transition metal dichalcogenides ME 2 (M = Nb, Ta, V, W etc., E = S, Se or Te), inorganic analogues of graphite or graphene, are highly stable, and their properties can be tuned by varying the metal and the chalcogen. 1 Applications of these materials in areas such as optoelectronics, spintronics, sensors, electrocatalysis and magnetic materials are being actively developed. [1] [2] [3] Production of the materials as thin films maximises the anisotropy of their magnetic or electronic properties and thus methods to deposit 2D layers are of great current interest. Chemical vapour deposition (CVD) is a low cost versatile method to deposit such films using either dual or single source precursors. [4] [5] [6] Single source precursors potentially offer better control of deposit stoichiometry, cost-effective use of reagents, and in some cases the ability to selectively deposit the ME 2 onto nano-patterned substrates. Reagents for CVD of NbS 2 or NbSe 2 are rare, but include niobium thiolate complexes for the former 7 and a dual source approach using NbCl 5 -Se t Bu 2 for the latter. 6 We recently reported the deposition of thin films of 8 The properties of the potential precursors are key to successful applications in this area, requiring appropriate volatility and clean deposition at accessible temperatures (a β-hydride decomposition route for the neutral ligand is often helpful). Our previous studies showed that Nb Here we report on the synthesis and properties of chalcogenoether complexes of niobium chalcogenide trichlorides † Electronic supplementary information (ESI) available: Crystallographic parameters (Table S1 ), XRD data ( Fig. S1 ) and SEM images (Fig. S2) 3 SeMe}] showed a distorted octahedral geometry, with the in plane terminal S/Cl disordered. The disorder was successfully modelled using split sites for these two atoms and refined at 50 : 50 occupancies; only one form is shown in Fig. 2 . The key bond lengths are Nb1-Cl1 = 2.308(7), Nb1-S1 = 2.197 (8) were also determined and are shown in Fig. 3 and 4 . The X-ray diffraction data were good quality and careful examination did not provide clear evidence for S/Cl disorder in these cases and the d(NbvS) = 2.10 Å and d(Nb-Cl) = 2.24 Å are nearly identical in the two structures. Notably, the d(Nb-S) distances trans to the NbvS and trans to Nb-Cl are different, consistent with a trans influence of NbvS > Nb-Cl. However, as pointed out by others, 14, 17, 18 it is not possible to rule out some disorder in the thiochloride systems due to the very similar scattering power of S and Cl atoms. We note in passing that all three structures contain the dichalcogenoether in the DL form. The IR spectra of the five complexes exhibit ν(NbvS) ∼ 525 cm 223 K, resonances due to the 'free' diselenoether (δ = 68), 25 and coordinated diselenoether (δ = 163, 70) appear. The singlet at 70 ppm seems anomalous, but is reproducible and may reflect the 'free' Se donor of a κ 1 -coordinated diselenoether, although it is possible this arises due to the Se donor atom trans to the terminal S. Attempts to prepare dithio-or diseleno-ether complexes from [NbSeCl 3 (MeCN) 2 ], even using excess chalcogenoethers or long reaction times, were unsuccessful. However, the reaction of NbCl 5 with Se n Bu 2 in CH 2 Cl 2 , followed by treatment with (Me 3 Si) 2 Se, gave a black solid which, on the basis of (7), Nb1-Cl2 = 2.3588(6), Nb1-Cl3 = 2.3623(6), Nb1-S1 = 2.7813(6), Nb1-S2 = 2.7464(6), Nb1-S3 = 2.2105 (7); Cl1-Nb1-Cl2 = 97.78(2), Cl1-Nb1-Cl3 = 97.49(3), Cl1-Nb1-S1 = 86.78(2), Cl1-Nb1-S3 = 103.84(3), Cl2-Nb1-S1 = 84.58(2), Cl2-Nb1-S2 = 76.69(2), Cl2-Nb1-S3 = 98.20(2), Cl3-Nb1-S1 = 76.73(2), Cl3-Nb1-S2 = 83.48(2), Cl3-Nb1-S3 = 97.13(3), S1-Nb1-S2 = 78.56(2), S2-Nb1-S3 = 91.14(2). (Fig. 5 ). These films appear to be air and moisture stable, and lattice parameters determined by Rietveld refinement of the grazing incidence XRD pattern are: a = 3.317(6) and c = 17.79(4) Å (R wp = 6.61%, R p = 4.46%). These are close to literature values for bulk NbS 2 (a = 3.3303(3), c = 17.918(2) Å). 26 The grazing incident and in-plane XRD patterns shows considerable variations in the intensities of reflections relative to the bulk pattern. The The broad feature at 2θ ∼22°is from the SiO 2 substrate. 003 reflection is the strongest in the grazing incidence XRD pattern, and 101, 012 and 110 reflections are highest in the inplane XRD pattern, suggesting <00l> preferred orientation. Pole figure measurements were undertaken on a NbS 2 film obtained from the [NbSCl 3 (S n Bu 2 )] precursor to establish the film texture. Using 2θ = 14.97°, corresponding to the 0 0 3 reflection, a single, sharp peak (FWHM ∼ 5°) was observed at the centre of the figure with α = 90° (Fig. 6a) . The figure taken with 2θ = 31.47°, corresponding to the 1 0 1, exhibits a ring with α = 9° (Fig. 6b) . These results confirmed the <00l> preferred orientation in which the ab planes of the crystallites are parallel with the substrate. Scanning electron microscopy (SEM) images reveal that the NbS 2 films have a uniform morphology formed of microcrystalline platelets mainly lying flat on the substrate (Fig. 7) , consistent with the orientation inferred from the XRD data. EDX data measured at an accelerating voltage of 15 keV show significant Si and O peaks in addition to peaks due to Nb and S, indicating that the films are thin. EDX data also shows there is no evidence for any residual Cl in the films (Cl K α = 2.621 keV). Accurate quantification of the Nb : S ratio by EDX is difficult due to the Nb L α and S K α peaks overlapping.
Films obtained from low pressure CVD using [NbSCl 3 { n BuS(CH 2 ) 3 S
n Bu}] at 700°C also present diffraction patterns consistent with R3mh (3R-type NbS 2 ) (Fig. S1 †) , with lattice parameters a = 3.29(2) and c = 17.8(2) Å (R wp = 5.54%, R p = 3.47%). SEM images of these films are presented in the ESI (Fig. S2 †) .
Low pressure CVD experiments were also performed using [NbSe 2 6 The 002 101 and 110 reflections are the three most intense in both grazing incidence and in-plane XRD patterns, indicating that preferred orientation is not significant in this case. However, using a reduced amount of precursor produces thinner films with evidence of preferred orientation (Fig. S3 †) . Lattice parameters determined by Rietveld refinement of the grazing incidence XRD pattern are: a = 3.434 (7) and c = 12.53(3) Å (R wp = 2.48%, R p = 1.87%), comparing to the literature values for bulk NbSe 2 of a = 3.4446(2), c = 12.5444(7) Å. 27 The NbSe 2 films appear to be air and moisture stable. The precursor was also tested in LPCVD at 600°C however, there is no deposition observed. Scanning electron microscopy (SEM) of the same NbSe 2 film shows a polycrystalline film formed of hexagonal platelets mostly oriented with the c axis parallel to the substrate (Fig. 9) , although the absence of significant preferred orientation from the XRD data suggests it is likely that there are different crystal orientations within the film. Energy dispersive X-ray spectroscopy (EDX) gives the ratio 
Experimental
Syntheses were performed by using standard Schlenk and glove-box techniques under a dry N 2 atmosphere. NbCl 5 and (red). 27 The broad feature at 2θ ∼22°is from the SiO 2 substrate. Fig. 6 †) were collected via a Netzsch TG209 F1 Libra analyser under a flow of argon at 65 mL min −1 , contained within a dry, nitrogen purged glovebox. The temperature was increased at a rate of 10°C min −1 . Samples were loaded in Al sample pans.
X-ray experimental
Data collections used a Rigaku AFC12 goniometer equipped with an enhanced sensitivity (HG) Saturn724+ detector mounted at the window of an FR-E+ SuperBright molybdenum (λ = 0.71073) rotating anode generator with VHF Varimax optics (70 micron focus) with the crystal held at 100 K (N 2 cryostream). Crystallographic parameters are in the ESI (Table S1 †) . Structure solution and refinement were performed using SHELX(S/L)97, SHELX-2014/7 and were mostly straightforward, except for the Cl and terminal S atoms of the [NbSCl 3 {MeSe(CH 2 ) 3 SeMe}] which were disordered and therefore refined with split occupancies giving a 50 : 50 ratio. 28, 29 H atoms were added and refined with a riding model. [NbSCl 3 (SMe 2 )]: NbCl 5 (135 mg, 0.5 mmol) was suspended in CH 2 Cl 2 (10 mL). SMe 2 (1 mL) was added with stirring for 30 min, giving a dark brown solution. The solution was then cooled in an ice bath (0°C) and a solution of S(SiMe 3 ) 2 (90 mg, 0.5 mmol) in CH 2 Cl 2 (ca. 1 mL) was added slowly with stirring for 30 min. The solution was removed from ice bath and stirred for another 5 min and then the volatiles were removed in vacuo, leaving a light yellow green solid. Yield: 55 mg, 38%. Required for C 2 
. LPCVD general procedure. The precursor (20-100 mg) was loaded into the end of a silica tube in an N 2 purged glove box. Then the silica substrates (∼1 × 8 × 20 mm 3 ) were loaded in the tube and placed end-to-end. The tube was set in a furnace so that the substrates were in the heated zone and the precursor was ca. 2 cm away from the start of the heated zone. The tube was evacuated to 0.5 mmHg, and the furnace was heated to the requisite temperature between 600 and 800°C. The tube was then moved into the furnace. The position of the sample was maintained until the all the precursor had evaporated. The tube was then cooled to room temperature and the tiles were unloaded at ambient temperature and stored in air. LPCVD from [NbSCl 3 (S NbSe 2 actual deposition temperature ∼625°C -measured by profiling the furnace). Film characterisation. X-Ray diffraction (XRD) patterns were collected in grazing incidence mode (θ 1 = 1°) or in-plane mode (θ 1 = 0.5°, 2θ χ scan with the detector scanning in the film plane) using a Rigaku SmartLab diffractometer (Cu-K α , λ = 1.5418 Å) with parallel X-ray beam and a DTex Ultra 250 1D detector. Phase matching and lattice parameter refinement used the PDXL2 software package 30 and diffraction patterns from ICSD.
31
Scanning electron microscopy (SEM) was performed on samples of NbSe 2 using a Philips XL30 ESEM and with an acceleration voltage of 10 kV or 15 kV, whilst SEM measurements on NbS 2 films used a JEOL JSM6500 and an accelerating voltage of 10 kV.
Energy dispersive X-ray (EDX) data on NbSe 2 samples were obtained at accelerating voltage of 10 and 15 kV with a Thermofisher Ultradry NSS 3 (XL30) detector or at an accelerating voltage of 15 kV with an Oxford INCA x-act X-ray detector (JSM6500) for NbS 2 samples.
